Aim: It is unclear why α 1D -adrenergic receptors (α 1D -ARs) play a critical role in the mediation of peripheral vascular resistance and blood pressure in situ but function inefficiently when studied in vitro. The present study examined the causes for these inconsistencies in native α 1 -adrenergic functional performance between the vascular smooth muscle and myocytes. Methods: The α 1 -adrenergic mediated contraction, Ca 2+ signaling and the subcellular receptor distribution were evaluated using the Fluo-4, BODIPY-FL prazosin and subtype-specific antibodies. Results: Rat aortic rings and freshly dissociated myocytes displayed contractile and increased intracellular Ca 2+ responses to stimulation with phenylephrine (PE, 10 µmol), respectively. However, the PE-induced responses disappeared completely in cultured aortic myocytes, whereas PE-enhanced Ca 2+ transients were seen in cultured rat cardiac myocytes. Further studies indicated that α 1D -ARs, the major receptor subtype responsible for the α 1 -adrenergic regulation of aortic contraction, were distributed both intracellularly and at the cell membrane in freshly dispersed aortic myocytes, similar to the α 1A -AR subcellular localization in the cultured cardiomyocytes. In the cultured aortic myocytes, however, in addition to a marked decrease in their protein expression relative to the aorta, most labeling signals for α 1D -ARs were found in the cytoplasm. Importantly, treating the culture medium with charcoal/dextran caused the reappearance of α 1D -ARs at the cell surface and a partial restoration of the Ca 2+ signal response to PE in approximately 30% of the cultured cells. Conclusion: Reduction in α 1D -AR total protein expression and disappearance from the cell surface contribute to the insensitivity of cultured vascular smooth muscle cells to α 1 -adrenergic receptor activation.
Introduction
The activation of α 1 -adrenergic receptors (α 1 ARs) and their downstream intracellular signal transduction pathways is a key event for the regulation of arterial contractility and control of blood pressure by the sympathetic nervous system. α 1 ARs are members of the Gq protein-coupled receptor (GPCR) superfamily that, upon stimulation, activate phospholipase C and catalyze the cleavage of polyphosphoinositide into dual signaling molecules, inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol [1, 2] . The IP 3 formation leads to the mobilization of intracellular Ca 2+ stores and, in combination with Ca 2+ influx across the plasma membrane, eventually initiates arterial vasoconstriction [2, 3] . On the other hand, diacylglycerol enables protein kinase C to phosphorylate target proteins and modulate multiple cellular processes [1] [2] [3] [4] . Pharmacological and gene encoding analyses have identified that the α 1 AR family has three subtypes: α 1A -ARs, α 1B -ARs, and α 1D -ARs [2, 5] . Although all three subtypes are coupled to GPCR, they differ in their tissue distributions, affinities to ligands, and apparent efficiencies for intracellular couplings [6, 7] . To date, the clearest differences among the α 1 AR subtypes are in their subcellular localizations: α 1A -ARs and α 1B -ARs are primarily located at the plasma membrane while the majority of α 1D -ARs are found accumulated within the intracellular compartments of both recombinant and native cells [7] [8] [9] [10] . Additionally, divergent factors or mechanisms have been found to differentially regulate the subtypes in regards of the receptor internalization/trafficking recycling, expression, and sensitivity of the signaling and effector molecules that they α 1D -Adrenergic receptor insensitivity is associated with alterations in its expression and distribution in cultured vascular myocytes 1586 www.nature.com/aps Fan LL et al Acta Pharmacologica Sinica npg are coupling, rendering a fine tuning for the α 1 -adrenergic responsiveness to different biological signals and for adapting cells to changes in the internal milieu and to overall homeostasis [2, 6, [10] [11] [12] . Therefore, exploring the receptor characteristics of and regulatory mechanisms for each subtype is important for understanding and explicating their functional roles in both physiological and pathophysiological processes.
An increasing number of studies in vivo as well as in vitro have been performed to examine the cellular functions and regulatory mechanisms of α 1A -ARs and α 1B -ARs [2, 6, [10] [11] [12] . Also, α 1D -ARs have been found to mediate contractile responses to catecholamines in several blood vessels with high potency [13, 14] . In addition, they are thought to be the critical mediator of normal blood pressure [15, 16] and hypertension related to aging [17] , high salt hypertension [18] and spontaneous hypertension [19] in situ. However, unlike the situation for α 1A -and α 1B -ARs, information regarding α 1D -AR cellular functions and their underlying regulatory mechanisms is scant because of the difficulties in obtaining sufficient function in native or recombinant cells in vitro, raising the question of whether manifestations of the α 1D -ARs expressed in vitro are, in fact, representative of the physiological situation [9, 11, 12] . In the current study, we sought to determine the causes for the inconsistencies in α 1 AR regulatory effects on vascular contractility between the in vivo and in vitro studies by comparing α 1 AR-mediated Ca 2+ signaling and its subcellular distribution in native rat aortic and cardiac myocytes (α 1D -AR and α 1A -AR subtypes are known to contribute mainly to α 1 adrenergic mediation of constriction in the rat aorta [13, 14] and cardiac muscle [20] [21] [22] [23] [24] , respectively).
Materials and methods

Materials
All reagents and drugs used were purchased from Sigma, except A61603 (N-[5-(4,5-dihydro-1H-imidazol-2yl)-2-hydroxy-5,6,7,8-tetrahydronaphthalene-1-yl]methanesulfonamide hydrobromide) and Fluo-4/AM, which were obtained from Tocris (Ellisville, MO, USA) and Molecular Probes, respectively.
Measurement of aortic contraction
Male Sprague-Dawley rats (220±20 g) and ICR mice (20±2 g) were used and handled in accordance with the Guide for Care and Use of Laboratory Animals published by the Beijing Municipal Government. Animals were sacrificed by the administration of a rapid intraperitoneal injection of pentobarbital sodium (100 mg/kg). Vessel preparation and the preparation of HEPES-buffered saline solution (HBSS) have been described previously [25, 26] . Briefly, an approximately 15 mm (rat) or 8 mm (mice) portion of the descending thoracic aorta was excised, and the endothelium was removed by rubbing the luminal surface. Aortic rings 2−3 mm in width were prepared and mounted into one of eight organ baths containing 20 mL HBSS gassed with 100% O 2 at 37 °C. The rings were equilibrated under 0.5 or 1.0 g of passive tension (for the mouse or rat aorta, respectively) for 1.5 h, and their isometric force was measured with a force-displacement transducer connected to a carrier amplifier and analyzed with AcqKnowledge software (MP150, Biopac Systems, Inc).
Isolation and culture of aortic vascular smooth muscle cells Isolation and culture of vascular smooth muscle cells (VSMCs) from the mouse aorta have been described previously [26] . Rat thoracic aortic myocytes were isolated as follows. Adipose and connective tissues, as well as endothelial cells, were removed, and aortas were digested in HBSS containing 1 mg/mL collagenase (type II, Worthington Biochem), 0.2 mg/ mL elastase (type III, Sigma), and 1 mg/mL bovine serum albumin for 20 min at 37 °C. Following incubation, the aortas were massaged and flushed with HBSS. The dissociated VSMCs were collected by centrifugation and either seeded onto laminin-coated dishes for measurements of intracellular Ca 2+ concentration ([Ca 2+ ] i ) in freshly isolated cells or plated into plastic tissue culture dishes and grown in Dulbecco's modified Eagle's medium (DMEM, Hyclone) containing 10% fetal bovine serum, 4 mmol L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin (Hyclone) at 37 °C under 5% CO 2 -95% air. Cells were used from the third through the eighth passages.
Measurement of intracellular Ca
2+
The aortic VSMCs from rats or mice were loaded with 4 μmol Fluo-4/AM in DMEM at 37 °C for 30 min and washed three times with HBSS for 20 min. [Ca 2+ ] i was then measured as described previously [21] .
Immunocytochemistry
VSMCs were fixed in 4% formaldehyde in phosphate-buffered saline (PBS) for 10 min, permeabilized with 0.1% Triton X-100, and then blocked in PBS containing 5% bovine serum albumin, 5% horse serum and 0.05% Triton X-100 for 1 h. Antibodies specific for α 1A -ARs or α 1D -ARs were added and incubated overnight at 4 °C at a dilution of 1:100 (Santa Cruz). Secondary antibodies used were Alexa Fluor 594 chicken anti-goat or Alexa Fluor 488 goat anti-rabbit (Invitrogen) at a dilution of 1:500. For the binding measurement of BODIPY FL prazosin, living myocytes were washed twice with HBSS, loaded with HBSS containing 2 μmol BODIPY FL prazosin, 1% bovine serum albumin and 0.1% F127 for 30 min at room temperature. Analysis of subcellular immunostaining was performed using a Leica SP 5 confocal microscope equipped with a 40x oil immersion objective lens (NA 1.25).
Immunoblotting
Rat aortic smooth muscle and cultured myocytes were lysed in RIPA buffer containing 1 mmol polymethylsulfonyl fluoride and 2 μg/mL protease inhibitor cocktail (Santa Cruz) for 1 h on ice. Homogenates were centrifuged for 15 min at 14 000×g at 4 ºC. Lysates of 30 μg in cells or 15 μg in tissue were heated for 5 min, resolved on a 10% SDS-PAGE gel and transferred to PVDF membrane. Membranes were blocked with 5% nonfat milk powder in Tris-buffered saline containing 0.1% (v/v) Tween 20 for 60 min at room temperature and then probed www.chinaphar.com Fan LL et al Acta Pharmacologica Sinica npg with specific antibodies against α 1A -or α 1D -ARs at a dilution of 1:500 overnight at 4 °C. The immunoblotted membrane was then incubated with horseradish peroxidase-conjugated secondary antibody for 1 h, and immunoreactive bands were detected using an enhanced chemiluminescence kit (ECLplus).
Statistical analysis and data presentation
Mechanical responses of the arteries were expressed as the increase in force (g). All results are reported as means±SEM (n=number of cells or arteries, as indicated). Statistical differences between means were analyzed using a two-way paired or unpaired Student's t-test or χ 2 test, when appropriate. Probability levels <5% were considered significant.
Results
Contractile and internal Ca
2+ signal responses of rat and mouse aortas to α 1 
AR activation
To investigate the native α 1 AR function at the tissue level, the non-subtype selective α 1 AR agonist phenylephrine (PE)-induced vasoconstriction was evaluated in rat aortic rings. Similar to the response induced by 80 mmol KCl depolarization, PE (10 µmol) evoked a strong tonic constriction in the vessels, which was completely abolished by prazosin, a specific antagonist for α 1 ARs ( Figure 1A) . In a Ca 2+ -free medium, a transient contractile response to PE was followed by a relaxation to the baseline level, suggesting an internal Ca 2+ releaserelated constriction. Upon the re-addition of extracellular CaCl 2 (2.0 mmol) in the presence of PE, further sustained force was induced ( Figure 1B ). This force could be decreased significantly by nifedipine (1 µmol, data not shown), demonstrating an extracellular Ca 2+ -dependent constriction of this part. Additionally, as a reference for vasoconstriction regulation among GPCR members, angiotensin II (Ang II), an agonist of the angiotensin receptor, was also examined in this study; Ang II produced similar responses to PE in the rings ( Figure 1B ). Therefore, these data demonstrate a common characteristic of Ca 2+ -dependent vasoconstriction by the activation of two different GPCR members, consistent with previous studies on arteries [25, 27, 28] . To investigate the native α 1 AR function at the cellular level, α 1 AR-mediated [Ca 2+ ] i signaling was further measured in isolated aortic VSMCs by confocal microscopy. Unlike in rat aortic rings, the cultured VSMCs did not respond to PE (10 to 300 µmol), but exhibited a striking [Ca 2+ ] i increase to the addition of 40 mmol KCl and stimulation with Ang II (Figures 1C  and D) . This observation was generally identical in the third to eighth cultured VSMCs passages and also in all passages of A7R5 cells (a cell line of rat aorta, data not shown), suggesting that a similar phenomenon occurs in different culture of cells.
Since the α 1D -AR subtype is tightly linked to blood pressure control in mice [15, 16] , we also investigated the α 1 AR-mediated Ca 2+ signaling responses in vessels and VSMCs in mice. ATP, an activator of the purinic receptor (a member of GPCR superfamily) [26] , was used for comparison, because Ang II was unable to cause observable vasoconstriction in the mouse thoracic aorta. Similar to the situation in rats, PE caused a remarkable aortic contraction in mouse aorta, but failed to induce any Ca 2+ signal response in the cultured VSMCs, whereas ATP elicited a relatively weak tension in the vessel and a profound rise in [Ca 2+ ] i in cultured mouse VSMCs (Figures 2A and B) . This much weaker aorta contraction induced by ATP than by the other GPCR receptor activators is likely due to ATP's additional relaxing effect on vessels caused by activation of protein kinase A [29] and the delayed ATP-elicited potassium channel [30] .
Intracellular Ca 2+ signal responses to α 1 AR activation in freshly isolated thoracic aortic myocytes The above results indicate that among the three members of the GPCR family, only the α 1 AR-coupled Ca 2+ signaling pathway in the vessels was somehow masked in the culture condition, implying some alteration in the α 1 AR themselves occurred during the cell dissociation or/and culturing procedures. Thus, we further examined the α 1 AR-mediated Ca 2+ signals in rat aortic myocytes of freshly isolated, and primarily cultured for <1 day, ≥2 days or beyond 3 days. VSMCs were identified morphologically and functionally by their ability to respond to 40 mmol KCl by contracting and [Ca 2+ ] i increasing. Cells that did not exhibit a Ca 2+ response to high K + depolarization were not used. As shown in Figure 3 and [21] [22] [23] [24] , implying unaltered responsibility for cardiomyocytes to α 1 AR activation even in the culture state. To clarify this, we testified the PE effect on [Ca 2+ ] i in freshly isolated and cultured NRVM for <1 day and ≥2 day for compatibility with the aortic myocytes. As expected, all of the cardiomyocytes from either group [20, 24, [31] [32] [33] . Similar to other studies [9, 13, 14, 24, 32] , we combined selective antagonists for each subtype with selective agonists to distinguish among contributions of the different subtypes to vasoconstriction. BMY 7378, a selective antagonist of α 1D -ARs, attenuated the PE-induced constriction in a dose-dependent manner and completely abolished the constriction at a concentration of 30 µmol. Selective inhibition of α 1A -ARs with 5-Mu (30 nmol) did not affect the PE effect, and A61603 (1 µmol), a highly selective α 1A -AR agonist, did not induce any tension above baseline (data not shown). The irreversible antagonist chloroethylclonidine (CEC) at 10 µmol, the only available antagonist of α 1B -ARs at present, inhibited the PE-induced contraction by approximately 30% (Figure 5 ), implying an involvement of α 1B -ARs to some extent; however, these data do not provide a definite identification of the responsible subtype because of the low selectivity (5-to 10-fold) of CEC for α 1B -AR over the other α 1 AR subtypes [34] .
Taken together, these data demonstrated that α 1 AR functional relevance in the rat aorta and cardiac myocytes, especially for intracellular Ca 2+ regulation, can be attributed to the activation of α 1D -AR and α 1A -AR subtypes, respectively, in agreement with previous reports [13-15, 24, 31-33] . 2+ signal response at all) and compared these data with the distribution pattern of α 1A -ARs in cultured cardiomyocytes.
An interesting report in α 1D -AR transfected HEK293 cells has suggested that the treatment of culture medium with charcoal/dextran (C/D) increases the α 1D -AR distribution on cell membranes and increases receptor's sensitivity to activation [35] . Thus, we determined the subcellular localization of α 1 AR subtypes with BODIPY-FL prazosin in live cells [36] and using specific antibodies for individual subtypes in permeabilized cells. The tested cells were divided into four groups: freshly isolated VSMCs, VSMCs cultured for 2 days in DMEM in the presence of 2% charcoal/dextran (+C/D) or with the absence of 2% charcoal/dextran (-C/D), and NVRM cultured for 2 days.
As shown in Figures 6A and B , the binding signals for BODIPY-FL prazosin and anti-α 1D -AR antibody were located both intracellularly and on the cell surface in freshly isolated VSMCs as well as in aorta tissue (data not shown), but membrane labeling disappeared in VSMC cultured -C/D, and was instead uniformly distributed inside the cytoplasm. Interestingly, cell membrane labeling could be detected in part of cultured VSMCs +C/D (membrane binding was detected in 34.67%±4.1%, n=84). Compared with α 1D -ARs, α 1A -AR binding appeared much less in VSMCs, but was apparent in most cultured NRVM, with a pattern of both cytosolic and cell membrane distributions.
Accordingly, a robust internal Ca 2+ signal response to 10 µmol PE was observed in both freshly isolated VSMCs and cultured NRVM. Further, while VSMCs cultured -C/D showed no response to PE (Figure 6C ), an obvious PE-induced rise in [Ca 2+ ] i (but lower than that in the freshly isolated VSMCs) could be induced in 29.5%±1.2% of tested VSMCs cultured +C/D (n=81), a response sensitive to the inhibitory effect of BMY 7378 (data not shown).
Finally, the protein expression of the α 1 AR subtypes in aorta tissue and cultured myocytes was analyzed by western-blotting. Compared with the labeling signal for α 1A -ARs, α 1D -ARs seemed to be the predominant receptor subtype in vascular muscle and were expressed at a higher level in the aorta tissue than in the cultured aortic myocytes, in accordance with the staining results. Additionally, the signal intensities for the α 1D -AR bands were almost equal for VSMCs cultured -C/D and VSMCs cultured +C/D, indicating no significant effect of the C/D treatment on the native VSMC α 1D -AR expression (Figure 7 ).
Discussion
Our data showed that in rat or mouse aortas, a marked Ca 2+ -dependent contractile response was induced upon α 1 AR activation ( Figures 1A and B, and 2A) . In this response, the α 1D -AR subtype played the most important role ( Figure 5 and refs [13] [14] [15] . However, when VSMCs were isolated from the aorta and then cultured, the α 1 AR-associated Ca 2+ signal response completely disappeared ( Figures 1C and D, and 2B) , a phenomenon also observed in other studies [26, 37, 38] . Under identical conditions, the cultured cardiac myocytes did exhibit a robust intracellular Ca 2+ signal to α 1 AR activation (Figure 4 ) due to a different functional receptor subtype, the α 1A -ARs, responsible for this effect (see refs 24, and 31-33) . Additionally, α 1A -ARs in the cultured cardiac myocytes were found both intracellularly and at the cell membrane distributions, whereas α 1D -ARs were most frequently concentrated intracellularly in cultured VSMCs ( Figures 6A and B) , consistent with existing research [7] [8] [9] [10] 31] . Interestingly, similar α 1 AR distribution patterns, α 1 adrenergic-sensitive cell shortening and [Ca 2+ ] i increases (as manifested in the cardiomyocytes) were clearly observable in most of the freshly isolated aortic myocytes, but disappeared completely in VSMCs cultured ≥ 2 days (Figures 3 Table 1 ). Importantly, treating the culture medium with charcoal/dextran for 2 days caused the reappearance of α 1D -ARs on the cell surface and the partial recovery of the α 1 AR-associated Ca 2+ signal response in approximately 30% of the cultured VSMCs ( Figure 6 ). Therefore, these results indicate a strong correlation between the cell membrane-expressed α 1D -ARs and functional intracellular Ca 2+ coupling, which is somehow lost during cell culture.
Charcoal/dextran treatment in the medium has been indicated to be capable of reducing steroid levels by absorbing free hormones, free fatty acids and various serum factors in fetal bovine serum [39] . Previous studies have shown that charcoal/ dextran increases chloride channel expression in cultured epithelial cells [40] , increases α 1D -AR expression on the cell membrane and also increases cells' responsiveness to recep- [35] . The current study further confirms the charcoal/dextran effect in native α 1D -ARs in VSMCs. As there was no significant change in VSMC receptor-protein expression, except for the cellular localization owing to charcoal/dextran treatment, the mechanism responsible for α 1D -AR insensitivity after cell culture may be partially due to some elements in the culture medium that either desensitizes the α 1D -ARs by abrogating cell membrane insertion or facilitating internalization of the receptors in the native cells. Recently, several lines of evidence have implicated some critical factors for modulating α 1D -AR functional expression at the cell membrane. For example, the truncation of 79 amino acids from the receptors' N-termini results in translocation of the α 1D -ARs from intracellular compartments onto the plasma membrane, and a three-to four-fold increase in IP 3 formation due to norepinephrine stimulation [41] . Additionally, dystrophin proteins, a type of intracellular anchor protein, have been identified as essential elements for α 1D -AR but not for α 1A -or α 1B -AR functional expression for both in vitro and in vivo situations [42] . Therefore, all the previous studies describe a clear picture indicating the complexity of regulating α 1D -AR expression at the cell membrane, a critical process for the receptor efficient functional performance.
In addition to the disappearance of cell membrane α 1D -ARs, a marked reduction in receptor protein expression also occurred in the cultured VSMCs relative to the tissues studied ( Figure 7 ). It is difficult to determine whether the reduction is secondary to the internalization of the receptors from the cell membrane or vice versa. Nevertheless, compared with the response in the freshly dispersed aortic myocytes, the significantly lower amplitude and duration of the PE-induced [Ca 2+ ] i increase in the charcoal/dextran-treated cultured VSMCs ( Figure 6C ) suggest only a partial restoration of the native receptor activity by the treatment of culture medium with 2% charcoal/dextran.
In summary, the parallel investigations between vascular and cardiac myocytes indicate that first cell-surface expressed α 1 ARs are critical in triggering intracellular signal transduction cascades, especially for intracellular Ca 2+ signaling. Second, α 1D -ARs in the vessels primarily distribute intracellularly and on the cell membrane in situ, but are somehow reduced and abrogated from membrane localization after the VSMCs are cultured. Third, unlike the α 1D -ARs of vascular myocytes, the α 1 ARs, actually likely α 1A -ARs, in cardiac myocytes are not dramatically altered during the procedures of either cell isolation or culturing. These findings may help provide answers for the inconsistencies reported in α 1D -AR function in vascular myocytes between in situ and in vitro studies. Treatment of the culture medium with charcoal/dextran can partially prevent native α 1D -AR losses from the cell membrane and coupling intracellular signal machinery that occur in the cell culture process.
